This article reviews the technique to observe the morphologies of block copolymer in thin films: grazing incidence small-angle X-ray scattering (GISAXS). In-situ measurement of GISAXS with synchrotron X-ray incident beam enables us to measure the self-assembling processes of block copolymer thin film during solvent anneal and spin cast process.
Introduction
Block copolymers are composed of two or more kinds of chemically different polymers connected by a covalent bond. Living polymerization techniques enable us to synthesize a various kinds of architectures of block copolymers such as diblock, triblock, multiblock, starblock, and graft copolymer, and the self-assembling of the variety of morphologies with long range order can be attained in the block copolymers [1] . Even in ultrathin films, block copolymers can exhibit extremely regular and fine nanopatterns and are one of potential materials as the etching masks for the new and facile approach for downsizing in nanolithography [2] [3] [4] [5] [6] .
The application of the self-assembled structures of block copolymer to magnetic storage or semiconductor devices demands new techniques to investigate the morphologies of the self-assembled structures of block copolymer in thin films. Here we review the technique to observe the morphologies: grazing incidence small-angle X-ray scattering (GISAXS) characterizing the morphologies in reciprocal space.
Principle of GISAXS
As shown in Figure 1 , Grazing incidence small X-ray scattering (GISAXS) is the combination of a grazing incidence (GI) reflection setup and SAXS setup for characterizing the morphological features in thin films. Compared with the conventional SAXS setup, GISAXS has following features: (I) Due to a long beam path along film surface, the scattering pattern is highly intense; (ii) the anisotropy in the morphologies can be investigated by using 2D patterns; (iii) the depth dependence of the morphologies in the thin films can be explored by changing grazing angle of incident beam; (iv) we can do in-situ measurement of the morphologies in the thin films under various atmosphere. The time-resolved measurement enables us to investigate the change in the morphologies with time. [6, 7] The scattered intensity of GISAXS is affected by multiple scattering effects caused by reflection and Fig. 1 . Schematic drawing of GISAXS.  i is the incident angle at which the X-ray beam impinges on the film surface;  f and θ are the exit angles of the X-ray beam with respect to the film surface and to the plane of incidence, respectively. refraction while the conventional SAXS intensity can be expressed by Born approximation and is free from multiple scattering effects. In order to analyze the GISAXS data, we can use the distorted-wave Born approximation (DWBA) [7, 8] . According to DWBA, the total scattering amplitude is expressed by the sum of four scattered amplitude ( Figure 2 ); (i) the scattered amplitude of the objects caused by the incident beam in the thin film,
(ii) the reflection of the scattered amplitude caused by the incident beam of the objects at interface between thin film and substrate, (iii) the scattered amplitude caused by the reflected incident beam of the objects in thin film, and (iv) the reflection of the scattered amplitude caused by the reflected incident beam of the objects at the interface.
In the following section, we shall show the examples of the application of GISAXS for self-assembly in block copolymer thin films.
Self-assembling Process in Block copolymer Thin Films During Solvent Annealing Process
The solvent annealing is one of the useful techniques to control the self-assembling processes in block copolymer thin films. The time-resolved GISAXS measurement can explore the self-assembling process of block copolymer thin films during solvent anneal. Zhenyu et al. investigated the change on the 2D GISAXS pattern of polystyrene-block-polybutadiene (PS-b-PB) during solvent anneal with cyclohexane which is a selective solvent to PB as shown in Fig.3 [9] . The weight-averaged molecular weight, M w and polydipersity index, M w /M n , and the volume fraction of PB in PS-b-PB are 22.110 3 g/mol and 1.05, and 0.49, respectively. The 2D GISAXS pattern of as-spun thin film of PS-b-PB from toluene solution (Dry state) exhibits two isotropic rings indicating that lamellae have a broad distribution of orientations. The two rings are due to scattering of the beam specularly reflected from the substrate and scattering of the direct beam. Upon the solvent annealing, drastic changes of the GISAXS images are observed: (i) At t < 7.5 min, the two isotropic rings shift toward smaller q-region, while intensities of the rings are approximately unchanged. In this time region, the microphase-separated structure without long-range order distributed isotropically. (ii) At 7.5 < t < 13.5 min, the peak originating diffuse Bragg peak originating from lamellar structure parallel to the substrate get more pronounced and sharper, whereas the intensities of the isotropic rings decrease drastically. This indicates the appearance of more long-ranged lamellar order. (iii) After 13.5 min, the intensity along the isotropic rings reappears and becomes more isotropic. Thus, at t > 13.5 min, the long-range order disappeared and the isotropic distribution in orientation reappeared with short-range order.
To investigate the change in the lamellar structures in detail, they analyzed the changes in the thickness of lamellar parallel and perpendicular to the substrate and the film thickness as shown in Figure 4 . The analyses explored that the growth of the lamellar thickness is not isotropic in the early stage of the process. The anisotropy in the growth originates from the swelling under the constrain of the thickness of thin film.
Self-assembling Process in Block copolymer Thin Films During Spin-Coat Process
Spin-coating process has been widely used in the production of dielectric coatings, adhesive and organic electronic devices. The spin-coating process is that polymer solutions are promptly spread over the substrate by centrifugal force and solvents are also rapidly evaporated in seconds. During the spin-coating process, the complex system took place due to the relative solubility of the polymer in the solvent, the evaporation rate of the solvent, the viscosity of the solution and the affinity of the polymer to the air or substrate. Therefore, the in-situ measurement during the spin-coating process is an essential method to gain the direct information on the kinetics of the structural development. To achieve this we tried to design and implement a new spin-coater with small axial deflection for the fast in-situ GISAXS measurement with small incident beam size of the intense synchrotron X-ray beam [10] . The schematic representation of the designed spin-coater is shown in Figure 5 . The cover part is bolted to the base part with a Teflon O-ring (225 mm in diameter) to provide various atmospheric environments, and the atmospheric condition in the chamber can be controlled from ambient pressure down to 10 2 Pa. The surface displacement of the Si-wafer was confirmed to be less than 2.5 μm at a rotation speed of 2,000 rpm. The film thickness variation during the spin-coating process provides important information about the vaporization process of the solution. By combining the in-situ GISAXS and the film thickness measurements, the formation mechanism of specific morphology and a highly ordered structure can be more clearly and quantitatively discussed. Thus, we installed the film thickness gauge in the spin-coater. This film Time-evolution of the two dimensional GISAXS images of poly(methyl methacrylate)-b-poly(n-buthyl acrylate)-b-poly(methyl methacrylate) (PMMA -b-PnBA -b-PMMA) triblock copolymer during spin-coating from 3 wt% toluene solution are shown in Figures 6 (a)-(f) . While no clear patterns were observed for t < 2,275 ms as shown in Figures 6(a) and 6(b) , the isotropic ring patterns corresponding to a random orientation of the lamellar microdomains appeared at t = 2,275 ms ( Figure 6(c) ). In the following measurements, this isotropic ring pattern From the results of the GISAXS and thickness measurements, it can be concluded that the lamellar structure formed just before accomplishment of evaporation (2,210 ms < t < 2,437.5 ms). The evaporation rate of each component just before accomplishment of evaporation, therefore, plays an important role for deciding the structural morphology. However, the fast solvent evaporation process in the early stage of film formation (t < 2,210 ms) does not influence the structural morphology. It should be noticed that the thickness monotonically decreased for 2,210 ms < t < 2,437.5 ms, while toluene selectively evaporated from PnBA and PMMA depending on t.
Conclusion
This article reviews GISAXS method to observe the morphologies of block copolymer in thin films. In-situ measurement of GISAXS with synchrotron X-ray incident beam enables us to measure the self-assembling processes of block copolymer thin film during solvent anneal and spin cast process. The changes in 2D GISAXS patterns with time explored the orientation of microdomain structures during the processes. We can expect that the GISAXS is a powerful tool to to investigate the morphologies of the self-assembled structures of block copolymer in thin films. 
